We cloned a gene coding for a cold-active esterase from a genomic library of Acinetobacter sp. strain No. 6, a psychrotroph isolated from Siberian soil. The gene, aest, encoded a protein of 301 amino acid residues, the deduced sequence of which had less than 17% identity to sequences of known esterases and lipases. However, the esterase seemed to belong to the a W b hydrolase superfamily, because it contained a sequence, Gly-XaaSer-Xaa-Gly (with Xaa an arbitrary amino acid residue), found in most serine hydrolases of this superfamily. Sequence comparison earlier suggested a weak phylogenetic relationship of gene product AEST to the EST group of the esterase-lipase family, which has been found only in eukaryotes. The aest gene was expressed in Escherichia coli BL21(DE3) cells under the control of the T7 promoter, and the expression product was puried to homogeneity and characterized. It catalyzed the hydrolysis of esters with short-chain acyl groups and had lower activation energy and lower thermostability than do mesophilic enzymes, as expected from the coldadapted nature of this enzyme.
We cloned a gene coding for a cold-active esterase from a genomic library of Acinetobacter sp. strain No. 6, a psychrotroph isolated from Siberian soil. The gene, aest, encoded a protein of 301 amino acid residues, the deduced sequence of which had less than 17% identity to sequences of known esterases and lipases. However, the esterase seemed to belong to the a W b hydrolase superfamily, because it contained a sequence, Gly-XaaSer-Xaa-Gly (with Xaa an arbitrary amino acid residue), found in most serine hydrolases of this superfamily. Sequence comparison earlier suggested a weak phylogenetic relationship of gene product AEST to the EST group of the esterase-lipase family, which has been found only in eukaryotes. The aest gene was expressed in Escherichia coli BL21(DE3) cells under the control of the T7 promoter, and the expression product was puried to homogeneity and characterized. It catalyzed the hydrolysis of esters with short-chain acyl groups and had lower activation energy and lower thermostability than do mesophilic enzymes, as expected from the coldadapted nature of this enzyme.
Key words: cold-active; esterase; prokaryotic; psychrotroph; superfamily Esterases and lipases catalyze the hydrolysis and transesteriˆcation of fatty-acid esters and are one of the most important groups of biocatalysts for synthetic purposes. [1] [2] [3] [4] The substrate speciˆcity of these hydrolases diŠers with the enzyme source, and stereo-or regioselective hydrolysis or synthesis of esters is possible with an appropriate enzyme chosen for it speciˆcity. These enzymes, in the esterase-lipase family of enzymes, belong to a large superfamily of phylogenetically related proteins including other hydrolases (include subtilisin and some other serine proteinases) and other proteins of unknown function. 5, 6) All reported three-dimensional structures of the hydrolases of this superfamily contain a fold in a central mostly parallel b-sheet ‰anked by a-helical connections, and this superfamily is therefore called the a W b hydrolase superfamily. 7) The primary structures of these a W b hydrolases contain a Gly-Xaa-SerXaa-Gly motif, in which Xaa is an arbitrary amino acid residue and in which the serine residue constitutes a``catalytic triad'' along with the histidine and aspartate residues in the three-dimensional structures and serves as a nucleophile during catalysis; 5, 6) for this reason, these hydrolases are also called serine hydrolases.
Currently, the esterases-lipases family enzymes are further classiˆed into three groups on the basis of sequence similarity: the EST, LPL, and HSL groups. 8) The EST group contains eukaryotic enzymes include esterases, lipases, and cholinesterases. The LPL group includes eukaryotic lipases, lipoprotein lipases, lecithin-cholesterol acetyltransferases, and bacterial lipases. The HSL group of enzymes includes the hormone-sensitive lipase of humans and rats and also some esterases of prokaryotic and archaeal origin.
Recently, we have isolated, from Siberian soil, a lipolytic psychrotroph, Acinetobacter sp. strain No. 6, which can degrade fats at low temperatures. 9) In this study, we obtained a clone expressing a coldactive esterase from a genomic library of this bacterium and analyzed the primary structure and some catalytic properties of the esterase.
Materials and Methods
Materials. Restriction enzymes, DNA polymerase, a ligation kit, and other enzymes for DNA manipulation were purchased from Takara Shuzo (Kyoto, Japan) and used as the manufacturer recommends. All chemicals used in enzyme assays and buŠers were of the highest purity available. The isolation and taxonomic characterization of Acinetobacter sp. strain No. 6 has been reported elswhere. 9) Escherichia coli strains C600 and BL21 (DE3) pLysS and plasmids pUC118 and pET21a were obtained from Takara Shuzo.
Cloning and sequencing of the aest gene. Acinetobacter sp. strain No. 6 cells were grown in LB medium (pH 7.2) at 289 C with shaking for 16 h. Chromosomal DNA was isolated from the cells as described previously.
10) The chromosomal DNA was partially digested with the restriction enzyme Sau3A1, and the partial digests were separated by 0.7z agarose gel electrophoresis. DNA fragments 1-10 kbp long were recovered and ligated with Bam-HI-digested and dephosphorylated pUC118. E. coli C600 was transformed with the ligation mixture, plated on LB agar medium containing 1z (w W w) tributyrin, 50 mg W ml ampicillin, and 0.1 mM isopropyl b-D-thiogalactoside (IPTG), and grown at 209 C. Immediately after colonies became visible, the plates were incubated at 49 C. Clear halos formed at 49 C around the colonies that were producing cold-active lipolytic enzymes. Other DNA manipulations were done by standard techniques.
11) DNA was sequenced in both orientations by the dideoxy-chain termination method 12) with an automated DNA sequencer, model ABI 373B (Perkin-Elmer Co., Foster City, Calif.) and analyzed and aligned with MEGALIGN program of DNASTAR (DNASTAR Inc., Madison, Wis.).
Phylogenetic analyses. Multiple alignment of sequences, calculation of nucleotide substitution rates (K nuc values), 13) construction of a neighborjoining phylogenetic tree, 14) and bootstrap analysis for evaluation of the phylogenetic topology 15) were done with the CLUSTAL W version 1.5 program 15) of DNASTAR software.
Expression of the aest gene in E. coli cells. A 0.9-kbp DNA fragment encoding the aest gene was ampliˆed by PCR (denaturation, 989 C for 30 sec; annealing, 559 C for 30 sec; and extension, 729 C for 1 min; 25 cycles) with recombinant plasmid pUC-AEST (see Results) as the template with primers 5?-GG CATATG AAGCTGAGCCCATCAATGC-3? and 5?-CGGGATCCTTAGGCTTTTAAGGCAT-CC-3?, where the single and double underlines indicate the NdeI and BamHI sites, respectively. The ampliˆed fragment was then digested with NdeI and BamHI, and ligated with NdeI W BamHI-digested pET-21a, to produce pETaest.
The expression of AEST was brought about by the method recommended by the supplier of pET-21a (Novagen, Madison, Wis.) with slight modiˆcations, as follows. The E. coli BL21 (DE3) pLysS cells were transformed with pETaest and grown in 5 ml of an LB medium containing 200 mg W l ampicillin and 34 mg W l chloramphenicol at 379 C with shaking until the optical density of the broth at OD600 reached 0.2-0.6. The cells were collected by centrifugation and suspended in 5 ml of fresh LB medium. One milliliter of the resultant cell suspension was transferred to 400 ml of fresh LB medium containing 500 mg W l ampicillin and 34 mg W l chloramphenicol and further grown at 379 C until OD600 reached 0.2-0.6. The cells were collected by centrifugation and then grown in 2000 ml of an LB medium containing 500 mg W l ampicillin and 1 mM isopropyl b-thiogalactopyranoside (IPTG) at 289 C for 13 h with shaking. The cells were collected by centrifugation.
Enzyme and protein assays. (Method I) The enzymatic hydrolysis of p-nitrophenyl butyrate was monitored by the amount of p-nitrophenolate released at 259 C.
16) The standard assay mixture contained 1.0 mmol of p-nitrophenyl butyrate, 50 mmol of a potassium phosphate buŠer (pH 7.5), 1 mg of Triton X-100, and the enzyme in aˆnal volume of 1.0 ml. The mixture without the enzyme was brought to 259 C. The reaction was started by the addition of the enzyme, and changes in A 400 were recorded with a spectrophotometer (Shimadzu UV-3000). The extinction coe‹cient for p-nitrophenol under these conditions was 14,630 cm "1 M "1 . (Method II) Enzymatic hydrolysis of fatty-acid esters was assayed by titration of the liberated fatty acid with NaOH as follows.
17) The reaction mixture contained an appropriate amount (5-10 mmol) of a fatty-acid ester, 50 mmol of a potassium phosphate buŠer, pH 7.5, and the enzyme in aˆnal volume of 1.0 ml. The reaction was started by the addition of the enzyme. After incubation at 309 C for 20 min, the reaction was stopped by the addition of 1 ml of 1:1 (v W v) mixture of acetone and ethanol and 10 ml of 1z (w W v) phenolphthalein in a 9:1 (v W v) mixture of ethanol and H2O. The mixture was titrated with 0.05 M NaOH with gentle bubbling with N2 gas until the mixture turned red, and the amount of fatty acid liberated was estimated from the amount of NaOH needed. The blank did not contain the enzyme.
The protein concentration was assayed by the method of Bradford 18) with a kit (Bio-Rad) with bovine serum albumin as the standard.
Puriˆcation of AEST. All operations were done at 0-59 C. First, 0.05 M Tris-HCl buŠer, pH 8.0, containing 2 mM dithiothreitol (DTT) was used as the standard buŠer throughout the puriˆcation. The transformant cells were washed with the standard buŠer containing 0.2 M NaCl and 2 mM MgCl2 and then disrupted by 30 cycles of ultrasonication (at 10 kHz for 30 sec followed by an interval of 30 sec). After removal of cell debris by centrifugation, the supernatant was used for the enzyme puriˆcation. Ammonium sulfate was slowly added to the supernatant solution to aˆnal concentration of 15z saturation, and the mixture was stirred at 49 C for 1 h, followed by centrifugation. To the supernatant solution, ammonium sulfate was added to aˆnal concentration of 33z saturation, followed by centrifugation. The precipitate formed was collected by centrifugation, dissolved in a standard buŠer, and then dialyzed overnight at 49 C against the standard buŠer. The enzyme solution was put on a column of DEAESephacel (2.7×20 cm, Amersham Pharmacia Biotech, Uppsala, Sweden), which was previously equilibrated with the standard buŠer. The column was thoroughly washed with a buŠer containing 0.18 M NaCl. The enzyme activity was eluted with a linear gradient of NaCl (0.18-0.5 M) in the standard buŠer. Active fractions were pooled and concentrated with an Amicon PM10 ultraˆltration membrane. The concentrate was dialyzed against the standard buŠer containing 0.15 M NaCl and 1 mM EDTA. The enzyme solution was then treated to Fast protein liquid chromatography on Superose 12 (1.0×30 cm, Amersham) equilibrated with the standard buŠer containing 0.15 M NaCl and 1 mM EDTA. The enzyme activity was eluted with the same buŠer at a ‰ow rate of 0.5 ml W min at room temperature. Active fractions were pooled, concentrated, and dialyzed against a 5 mM potassium phosphate buŠer, pH 8.0, containing 1 mM dithiothreitol (DTT), 1 mM EDTA, and 0.05z 3-[(3-choramidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS). The enzyme solution was then put on a column of Gigapite hydroxyapatite (1×15 cm; SEIKAGAKU Co., Tokyo, Japan). After extensive washing of the column, the enzyme was eluted with a linear gradient of potassium phosphate (5-500 mM). Active fractions were pooled and concentrated.
Electrophoresis. SDS-PAGE was done on 12.5z gels by the method of Laemmli. 19) Protein was stained with Coomassie brilliant blue R250 and destained in a 10:15:175 (v W v) mixture of ethanol, acetic acid, and water. For estimation of the subunit Mr by SDS-PAGE, standard proteins (LMW calibration kit, Amersham) were electrophoresed under the same conditions.
Temperature-activity proˆles. The eŠects of temperature on enzyme activity was examined by assay method I, except that the reaction mixture without enzyme was incubatedˆrst for 5 min at a temperature of 5-509 C.
EŠects of various reagents on enzyme activity. The enzyme was incubated at 259 C for 1 h in a 0.05 M potassium phosphate buŠer, pH 7.5, containing one of the following additives: phenylmethylsulfonyl ‰uoride (ˆnal concentration, 1 mM), SDS (1z), EDTA (10 mM), NaN3 (10 mM), CaCl2 (1 mM), CuCl2 (1 mM), MnSO4 (1 mM), MgCl2 (1 mM), FeCl3 (1 mM), or ZnCl2 (1 mM). The activity remaining was then measured by assay method I. The activity of the enzyme treated as above without an additive was taken to be 100z.
Stability studies. For the thermal stability studies, the enzyme was incubated in a 0.05 M potassium phosphate buŠer, pH 7.5, at 30, 40, and 509 C. At 20-min intervals, proteins were withdrawn, placed into tubes in ice, and assayed for the activity remaining by assay method I.
Immobilization of AEST and transesteriˆcation.
Hy‰o Super-Cel resin (Nacalai Tesque, 20 g) was suspended in 100 ml of a 0.05 M potassium phosphate buŠer, pH 7.5, and left at 49 C for 1 h. After the buŠer was removed by decantation, the enzyme solution (concentration, 8 mg protein W ml, 100 ml) was added, and the resultant mixture was left at 49 C for 3 h with gentle stirring. The mixture was then lyophilized to obtain the immobilized AEST.
Enzymatic transesteriˆcation with vinyl propionate as an acyl donor was done as follows. The reaction mixture (ˆnal volume, 0.4 ml in isopropyl ether) consisted of 60 mmol of vinyl propionate, 120 mmol of propanol, 10 mg of the immobilized enzyme, and 2 ml of n-undecane as the internal standard. The reaction was started by addition of the immobilized enzyme and the mixture was incubated at 49 C for 24 h with gentle mixing. Product esters were examined by gas chromatography with a Shimadzu GC14A system and an Ulbon HR-101 capillary column equipped with a ‰ame ionization detector. The column temperature was programmed to rise from 50 to 1209 C at a rate of 59 C W min, and the injector port and the detector oven temperatures were 250 and 3009 C, respectively.
Results and Discussion
Gene cloning, expression, puriˆcation, and Mr of AEST We obtained an E. coli C600 clone with lipolytic activity and containing a 1.6-kbp insert in a recombinant plasmid, pUC-AEST, derived from pUC118. Only a small amount of the enzyme was found in the transformant cells, as judged by results of SDS-PAGE. For that reason, we further examined the host-vector systems and cultivation conditions to obtain more AEST in active form. We found that a soluble active form of AEST could be produced Residual activity remaining of AEST after incubation at 309 C (), 409 C (#), and 509 C () and those of Lipase PS at 509 C () were plotted as a function of incubation time.
when the aest gene was expressed in the E. coli BL21 (DE3) pLysS cells under the control of the T7 RNA polymerase transcription (pET21a) system with the modiˆcations of cultivation conditions as described above. The expressed enzyme, AEST, was puriˆed to homogeneity by a combination of ion exchange, gelˆltration, and hydroxyapatite chromatography ( Table 1 ). The addition of dithiothreitol (DTT) (2 mM) in the buŠer was essential during puriˆcation and during storage of more than one week. The subunit Mr of the puriˆed AEST was estimated by SDS-PAGE to be 34 kDa, consistent with the value predicted from the deduced amino acid sequence. When the puriˆed AEST was treated by gelˆltration chromatography on Superose 12, it was eluted at volumes corresponding to a native Mr of more than 300 kDa. These results indicate that AEST exists as a nonamer and higher polymeric forms.
Cold-adaptation of AEST AEST had high speciˆc activity even at 49 C (31.4 mmol ・min "1 ・mg "1 ). Moreover, an Arrhenius plot (Fig. 1A, inset) of the temperature-activity proˆles gave a calculated activation energy of 9.0 kcal W mol for the AEST-catalyzed hydrolysis of p-nitrophenyl butyrate. For comparison, higher activation energies of 28.4 kcal W mol (Lipase PS), 21.0 kcal W mol (lipase from Candida cylindracea, SEIKAGKU Co.), and 14.8 kcal W mol (lipase from mammalian pancreas, Pancreatin F, AMANO EN-ZYME Inc., Nagoya, Japan) were obtained with the same reaction catalyzed by lipases of mesophilic origins. These results were consistent with the general properties of enzymes from cold-adapted organisms, which have high catalytic activity at low temperatures and lower activation energies than those of their mesophilic and thermophilic counterparts. 20, 21) Another property of many cold-active enzymes is their thermolability; 20, 21) cold-active enzymes are inactivated at colder temperatures, but their mesophilic and thermophilic counterparts are not inactivated in this way. AEST was fully active after incubation at 309 C and pH 7.5 for 60 min (Fig. 1B) . However, it was inactivated at 409and 509 C in a pseudo-ˆrst-order way with t1 W 2 values of 60 min and 7 min, respectively. Lipases of mesophilic origin, i.e., Lipase PS (Fig. 1B) and lipase from Candida cylindracea (results not shown) were fully active after incubation at 509 C and pH 7.5 for 60 min. An inverse relationship between protein thermostability and`c old activity'' has been found for many cold-active enzymes, and this relationship holds for AEST, as well. Transesteriˆcation is a reversible equilibrium process and the yield of the transfer product cannot exceed that at equilibrium (Scheme 1-1) . However, this problem can be circumvented by the use of fatty-acid vinyl esters as the acyl donor. Vinyl alcohol is subsequently tautomerized to acetaldehyde (Scheme 1-2), resulting in a shift of equilibrium of the enzymatic transesteriˆ-cation in the forward direction, which allows high yields in the enzymatic ester synthesis.
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The apparent optimum temperature of AEST (459 C; see Fig. 1A ) was high for a cold-adapted enzyme; for comparison, a lipase from the psychrophile Moraxella sp. strain TA-144, has an optimum temperature for activity of 409 C. 22) However, the apparent optimum temperature probably also depends on many factors unrelated to cold adaptation of enzymes and this temperative may seem high because enzyme assays were done under the conditions of initial velocity measurements.
Speciˆcity
Because AEST is theˆrst cold-active esterase with very low sequence similarity to any known members of the lipase-esterase family (see below), its substrate speciˆcity is of interest. Table 2 shows the relative activities for hydrolysis of a wide variety of esters, lactones, and triglycerides as assayed by methods I and II. The AEST had the highest relative activity when hydrolyzing the vinyl esters of short-chain (C3 and C4) fatty acids. The Vmax and Km values for the hydrolysis of p-nitrophenyl butyrate at 259 C and pH 7.5 were 114 mmol "1 min "1 mg "1 and 0.21 mM, respectively. The enzyme could also hydrolyze aryl (i.e., phenyl and p-nitrophenyl) esters of short aliphatic fatty acids. DL-Methyl 2-chloropropionate also was a good substrate, although fatty-acid ethyl esters were generally poorer substrates than aryl esters. Most esters with long acyl chains (more than C8) were not highly reactive with the enzyme. Triglycerides were poor substrates, and lactones were virtually inert as substrates for the enzyme. These results indicate that AEST is not a lipase but an esterase with substrate preference for esters of short-chain fatty acids. The optimal pH was found about 8.5-9.0.
The observed substrate preference of AEST for fatty-acid vinyl esters prompted us to further examine the ability of the enzyme to catalyze transesteriˆcation with fatty-acid vinyl esters in organic media at low temperatures, because fatty-acid vinyl esters can be eŠective acylating agents for the synthesis of esters by lipase-catalyzed transesteriˆcation in high yields (Scheme 1). 23, 24) Weˆrst examined the immobilization of AEST and found that Hy‰o Super-Cel resin gave greatest enzyme immobilization (approximately 70z on the basis of enzyme activity). We then examined the organic media suitable for the AEST-catalyzed transesteriˆcation and found that the enzyme had the highest transfer activity when isopropyl ether was used as the organic medium; the immobilized AEST was allowed to react with vinyl propionate and propanol in isopropyl ether at 49 C to produce propyl propionate at a rate of 26 mmol min 
EŠects of various reagents on enzyme activity
The following did not aŠect the enzyme activity (activity remaining, 72z or more): 10 mM EDTA (ˆnal concentration), 10 mM NaN3, 0.1 mM HgCl2, 1 mM CaCl2, 1 mM MnCl2, 1 mM MgCl2, 1 mM FeCl3, and 1 mM ZnCl2. However, the enzyme was inhibited by 1 mM CuCl2 (activity remaining, 16z), 1z SDS (0z), and 1 mM phenylmethylsulfonyl ‰uoride (11z). The enzyme was inhibited by phenylmethyl- The Gly-Xaa-Ser-Xaa-Gly sequence, which is unique to serine hydrolase sequences, is shown in bold letters.
sulfonyl ‰uoride, a speciˆc inhibitor of serine hydrolases, is consistent with AEST being structurally related to the serine hydrolase superfamily of enzymes (see below).
Phylogenetic relationship of AEST with other esterases and lipases
The aest gene consisted of 906 bp, and encoded a protein of 301 amino acid residues ( Fig. 2 ; DDBJ accession number AB071606). Although the gene product, AEST, had high esterase activity (see above), the deduced amino acid sequence of this protein had no signiˆcant similarity to the sequences of known esterases and lipases; very low sequence identities were found only with an esterase from Sphingomonas paucimobilis (17z) and p-nitrobenzylesterase from Bacillus subtilis (13z). 25) All known esterases and lipases contain the sequence -Gly-Xaa-Ser-XaaGly-, which is characteristic of proteins belonging to the a W b hydrolase superfamily. 7) Thus, these enzymes form a family of serine hydrolases speciˆcally catalyzing the hydrolysis of ester linkages, called the lipase-esterase family. Despite low overall sequence similarity, AEST probably belongs also to the lipaseesterase family because AEST also has the conserved -Gly-Xaa-Ser-Xaa-Gly-sequence. The serine residue in the conserved sequence of the family of enzymes is usually encoded by the codons TCN or AGY, where N is any nucleotide and Y is C or T. The TCN codon is found in many esterases, and the AGY codon is found in many lipases. 26) In AEST, the corresponding serine residue is encoded by TCA, consistent with the notion that AEST is an esterase (see above). In 1994, Hemil äa et al. classiˆed the lipase-esterase family enzymes into three groups, 8) EST, LPL, and HSL, on the basis of phylogenetic analysis, using the sequences of 60-100 amino acid residues between two consensus sequences (including the -Gly-Xaa-SerXaa-Gly-sequence) identiˆed in this family. AEST also contained such sequences as -His87-Gly-GlyAla90-and -Gly158-His-Ser-Ala-Gly162- (Fig. 3) , indicating that AEST is a member of the lipase-esterase family of the a W b hydrolase superfamily. Although the entire amino acid sequence had very low similarity to known members of this family, the 67-residue sequence between these conserved sequences (Fig. 3 ) shared some characteristics of the corresponding sequences of all known EST-group enzymes but not in the HSL or LPL groups (e.g., conservation of Gly15 and Tyr39 of the AEST sequence shown in Fig. 3) . The 67-residue sequence was then used to analyze phylogenetic position of AEST in the lipase-esterase family. The results showed that AEST, as well as the Sphingomonas paucimobilis esterase and the Bacillus subtilis p-nitrobenzylesterase, are phylogenetically related to the EST group (Fig. 4) . All known members of this group are of eukaryotic origin. Thus, AEST is a prokaryotic esterase unusual in having a weak but appreciable phylogenetic relationship with the EST group of the lipase-esterase family. The phylogenetic tree was constructed by the neighbour-joining method 14) with the DNASTAR computer program (version 9.0). The scale indicates percentage of sequence divergence. AEST, esterase from Acinetobacter sp. strain No. 6 (this study); C75472, lipase from Deinococcus radiodurans; AF30584, esterase from Sphingomonas paucimobilis; SwissProt codes for proteins are as follows: ACES, acetylcholine esterase; BAH; bialaphos acetylhydrolase; BAL, bile-salt activated lipase; CHLE, cholineesterase; CRYS, crystal protein; EST, esterase; LIP, lipase; LIPH, hepatic lipase; LIPL, lipoprotein lipase; LIPP, pancreatic lipase; LIPS, hormone-sensitive lipase. Species names: ACIA, Acinetobacter calcoaceticus; BACSU, Bacillus subtilis; CANFA, dog; CANRU, Candida cylindracea; CULPI, Culex pipens (mosquito); DICDI, Dictypstelium discoideum (slime mold); DROME, Drosophila melanogaster; GEOCN, Geotrichum candidum; MORSP, Moraxella sp.; STRHY, Streptomyces hygroscopicus; TORCA, Torpedo californica.
